Introduction
With the emergence of biochemical databases such as KEGG or Brenda, information about largescale metabolic networks became easily accessible. Several approaches for the structural analysis of metabolic networks have been introduced, such as flux balance analysis, the concept of elementary flux modes or extreme pathways, as well as graph theoretical analyses. Recently, we introduced a new approach of network analysis based on the concept of scopes [1] . This method allows to determine all compounds which can in principle be synthesized from a given set of substrates using a specified set of biochemical reactions.
Method and Results
Starting with given metabolites, called seed compounds, the algorithm selects from a database in an iterative manner those reactions whose substrates are either part of the set of seed compounds or are products of reactions which were already selected in an earlier iteration step. This network expansion process ends when no further reactions fulfilling this condition can be found. All metabolites which can be produced by the resulting set of reaction form the scope of the seed compounds. Scopes describe therefore the synthesizing capacity of the corresponding seed compounds in a specified metabolic network.
In this work we confine ourselves on scopes of individual metabolites, which means that for each expansion process only one compound is used as seed. We systematically calculated the scopes of 4104 compounds included in the KEGG database. As mentioned in [1] different seed compounds may have identical scopes leaving only 2922 distinct scopes. A scope may be included in another scope. If the scope of compound B, Σ(B), is a proper subset of the scope of A, Σ(A), then Σ(A) is a superscope of Σ(B) and Σ(B) is a subscope of Σ(A). There exists nesting in the sense that for three compounds A, B, C the relation Σ(C) ⊂ Σ(B) ⊂ Σ(A) holds. This inclusion relations can be compiled into a directed acyclic graph, where nodes represent the distinct scopes. Directed edges point from superscopes to their subscopes, where in case of nesting as described above the edge between node A and C is omitted. Figure 1 shows the largest connected component of this graph for the analysed biochemical network. This component contains the most relevant information as the other nodes are either isolated or connected to only very few other nodes. Edges always point in downward direction. Therefore nodes near the bottom of the graph represent small scopes which only have a small number of subscopes, while larger scopes are situated rather at the top.
Remarkably, the nodes of the graph differ strongly with respect to both, their in and out degree. A node has a large out degree (mushroom shaped structures) if its scope contains many different 1D-myo-Inositol 1,3,4,5,6-pentakisphosphate (1) 1-Guanidino-1-deoxy-scyllo-inositol 4-phosphate (1) 3alpha,7alpha,12alpha-Trihydroxy-5beta-cholestan-26-al (1) 2,5-Diamino-6-hydroxy-4-(5'-phosphoribosylamino)-pyrimidine (1) dUDP (1) NH4OH (1) Glycol (2) Benzene (1) Cyanate (1) Methane (1) Oxamate (1) Toluate (1) 4-Cresol (1) Allysine (1) Urethane (1) o-Cresol (1) Carbamate (1) Hippurate (2) Linamarin (1) Phthalate (1) UDPapiose(1) Toluene-cis-dihydrodiol (1) 3-Hydroxy-2-methylpyridine-4,5-dicarboxylate(1)
N6-(delta2-Isopentenyl)-adenosine 5'-monophosphate (1) 3alpha,7alpha,12alpha-Trihydroxy-5beta-cholestanoate (1) UDP-N-acetyl-6-(D-galactose-1-phospho)-D-glucosamine (1) 2-Methyl-4-amino-5-hydroxymethylpyrimidine diphosphate (1) cis-4,5-Dihydroxycyclohexa-1(6),2-diene-1,2-dicarboxylate(1) 2-Amino-7,8-dihydro-4-hydroxy-6-(diphosphooxymethyl)pteridine(1) (1) Phenyllactate (1) Phenylpropanoate (1) 5-(3'-Carboxy-3'-oxopropyl)-4,6-dihydroxypicolinate(1)
Propane-1-ol (1) 2-Hydroxybutanoic acid (1) 2-Propyn-1-al (1) Acetyl adenylate (1) Pentosans (1) dTDP-D-glucuronate (1) Salidroside (1) Stizolobate (1) Stizolobinate (1) 2-Oxo-3-hydroxy-4-phosphobutanoate (1) O-Phospho-4-hydroxy-L-threonine (1) 3-Butyn-1-al (1) Anabasine (1) Arbutin (1) Cyclic 2,3-bisphospho-D-glycerate (1) Benzoyl phosphate(1)
L-Tagatose 6-phosphate (1) Biopterin (1) (3S,4R)-3,4-Dihydroxycyclohexa-1,5-diene-1,4-dicarboxylate (1) 1,6-Dihydroxy-cis-2,4-cyclohexadiene-1-carboxylic acid (1) Terephthalate (1) Quinolin-4-ol (1) Methyl cinnamate (1) Ethyl cinnamate (1) Propyl cinnamate (1) Lacto-N-biose (1) ADP-D-glycero-D-manno-heptose (2) Ethylene (1) Biphenyl (1) cis-2,3-Dihydro-2,3-dihydroxybiphenyl (1) Vanillate (1) 4-Hydroxyphthalate (1) Phosphonate (1) Fluoren-9-ol (1) Fluoren-9-one (1) 1,6-Dihydroxy-5-methylcyclohexa-2,4-dienecarboxylate (1) cis-1,2-Dihydroxy-4-methylcyclohexa-3,5-diene-1-carboxylate (1) 1,2-Dihydroxy-6-methylcyclohexa-3,5-dienecarboxylate (1) p-Xylene (1) 4-Methylbenzyl alcohol (1) p-Tolualdehyde (1) Nitrobenzene (1) Nitrosobenzene (1) 3'-Keto-3'-deoxy-ATP (1) m-Xylene (1) 3-Methylbenzaldehyde (1) m-Methylbenzoate (1) o-Xylene (1) 2-Methylbenzyl alcohol (1) 2-Methylbenzaldehyde (1) o-Toluate (1) 3-Methylbenzyl alcohol(1) (1) 2-Amino-3-oxo-4-phosphonooxybutyrate (1) 3-Hydroxy-1-indanone (1) (+)-(3S,4R)-cis-3,4-Dihydroxy-3,4-dihydrofluorene (1) 3,4-Dihydroxy-3,4-dihydro-9-fluorenone (2) Dibenzofuran (1) Dibenzo-p-dioxin (1) Carbazole (1) Indican (1) Tetrahydrofolyl-[Glu](2) (1) Benzylsuccinate (1) 2-(beta-D-Glucosyl)-sn-glycerol 3-phosphate (1) 2'-Deoxy-5-hydroxymethylcytidine-5'-diphosphate (1) 2'-Deoxy-5-hydroxymethylcytidine-5'-triphosphate (1) Estrone glucuronide (1) Testosterone glucuronide (1) 1-Diphosinositol pentakisphosphate(1) (1) 4,4-Dimethyl-5alpha-cholesta-8,14,24-trien-3beta-ol (1) 3-(3-Hydroxy-phenyl)-propanoic acid(1)
1D-myo-Inositol 1,4,5,6-tetrakisphosphate (1) cis-3-(Carboxy-ethyl)-3,5-cyclo-hexadiene-1,2-diol (1) 2-Aminomalonate semialdehyde (1) dTDP-L-olivose (1) dTDP-4-oxo-2,6-dideoxy-D-glucose(2) Perillic acid (1) dTDP-3-amino-3,6-dideoxy-D-glucose (1) dTDP-4-oxo-2,6-dideoxy-L-mannose(2) UDP-3-ketoglucose (1) dTDP-3-amino-2,3,6-trideoxy-D-threo-hexopyranos-4-ulose (1) 3-Dimethylallyl-4-hydroxyphenylpyruvate (2) trans-3-Hydroxycinnamate(1)
Orthophosphate (4) CoA (1) CO2 (10) Formate (1) Glycolaldehyde (1) NH3 (6) Hydrogen (2) Nitrogen (1) FAD (1) FMN (1) L-Sorbose (2) Dimethylmaleate (7) beta-D-Galactose (1) Reduced riboflavin (1) FADH2 (1) Sorbose (1) Acrylamide (2) Reduced FMN (1) 2-Hydroxyglutarate (1) Propanoyl phosphate (1) 3-Ketolactose (1) 3-Ketosucrose (1) Propinol adenylate (1) cis-1,2-Dihydro-3-ethylcatechol (1) Styrene cis-glycol (1) 3-Vinylcatechol (2) 2-Indanone (1) 3-Isochromanone(1)
Pyridoxal phosphate (2) Pyridoxal (6) 1-Deoxy-D-xylulose 5-phosphate (1) 3-Amino-2-oxopropyl phosphate (1) S-Adenosyl-L-methionine (4) Spermine (1) Berberine (4) S-Adenosylmethioninamine (1) beta-Alanyl-N(pai)-methyl-L-histidine (1) Anisole (1) Guaiacol ( Palmatine (1) Nicotianamine (1) 3-Methoxytyramine (1) 3-Methylindolepyruvate (1) Glutathionylspermidine (1) (S)-Coclaurine (1) Hordenine (1) N-Methyltryptamine(1) (1) Pyruvate (101) Succinate (1) Acetaldehyde (2) Acetoacetate (2) D-Glycerate (1) 2,5-Dioxopentanoate (5) Itaconate (1) 4-Hydroxybenzaldehyde (1) 4-Hydroxyphenylacetate (1) Malate (1) (R)-Acetoin (2) 2-Methylmaleate(4) 4-Hydroxyphenylacetaldehyde (1) 4-Hydroxymandelate (1) 4-Hydroxyphenyl acetate (1) Iron (1) Acetyl-CoA(16) Propanoyl-CoA (1) Oxalyl-CoA (1) Malonate (1) Lactoyl-CoA(3)
Phenylpyruvate (7) Ethanolamine (4) 3-Oxopropanoate (2) Aniline (1) 1H-Imidazole-4-ethanamine (1) trans-Cinnamate (1) 3,4-Dihydro-2H-Pyrrole-2-carboxylate (1) 1-(4-Hydroxyphenyl)-2-(methylamino)ethanol (1) 5-Aminoimidazole (1) Phenethylamine (1) beta-Aminopropionitrile (1) 3-Methyldioxyindole (1) 2-Oxoarginine (1) L-erythro-4-Hydroxyglutamate (1) Methyloxaloacetate ( Acetate (1) Manganese (1) L-Pipecolate(3) 5-Aminopentanamide (1) Cadaverine (1) 5-Acetamidopentanoate (1) 5-Oxopentanoate (1) N-Succinyl-2-L-amino-6-oxoheptanedioate (1) N-Acetyl-L-2-amino-6-oxopimelate (1) 6-Acetamido-2-oxohexanoate (1) N2-Acetyl-L-aminoadipate semialdehyde (1) Glutathione (16) PQQ (1) Methanethiol (1) L-Cystine (1) Hypotaurine (2) Betaine (1) Cysteine (1) Mercaptoethanol (1) Mercaptopyruvate (1) O-Acetyl-L-serine (1) O-Acetyl-L-homoserine (1) 4-Methylthio-2-oxobutanoic acid (1) Cystine (1) Thiocyanate (1) Homocystine (1) 3-Methylthiopropanamine (1) 3-(Uracil-1-yl)-L-alanine (1) Homocysteine (1) 3-Sulfinylpyruvate (1) alpha-Amino-gamma-cyanobutanoate ( (1) Butanal (1) Vitexin (2) Acacetin (1) Luteolin (1) Scopolin (1) Calycosin (1) Melatonin (2) Tauropine (1) Taxifolin (1) Ergosterol (3) Medicarpin (2) Pinosylvin (1) Psychosine (1) Quercitrin (1) Lauroyl-CoA (1) Rosmarinate (1) Thioacetate ( (1) 5-Hydroxyferulate (1) Malonylapiin (1) Quercetin 3-O-glucoside (1) Rutin (1) Eriodictyol (1) 5-Methoxyindoleacetate (1) Precorrin 3A (1) Sirohydrochlorin (1) 3-Mercaptolactate (1) Methylimidazoleacetic acid (1) Glucobrassicin (1) 3-Methoxyapigenin (1) Cyanidin (1) Leucocyanidin (1) Luteoforol (1) Delphinidin (1) Leucodelphinidin (1) Pentahydroxyflavanone ( (1) Afzelechin (1) (-)-Epicatechin (1) Naringin (1) Cyclohex-1-ene-1-carboxyl-CoA(2) Benzylsuccinyl-CoA (1) E-Phenylitaconyl-CoA(2) Benzoylsuccinyl-CoA (1) Apigenin 7-(6''-malonylglucoside) (1) Kaempferide (1) Myricetin (1) Quercetin 3-(2G-xylosylrutinoside) (1) Tricetin (1) Prunetin (1) Caffeic aldehyde (1) 2-Methoxy-estradiol-17beta 3-glucuronide (1) 2-Methoxyestrone 3-glucuronide (1) (S)-3-Sulfolactate (1) (24R)-24-Methylcycloarta-8,25-dien-3-beta-ol (1) Syringetin (1) dTDP-3-methyl-4-oxo-2,6-dideoxy-L-glucose (1) dTDP-L-mycarose (1) dTDP-L-oleandrose ( Phosphodimethylethanolamine (1) Sulfate (5) Hydrogen sulfide (1) Riboflavin (1) Formaldehyde (2) Thiamin diphosphate (3) Thiamin (3) 4-Methyl-5-(2-phosphoethyl)-thiazole (1) Threonate (1) L-Xylonate (1) L-Lyxonate (1) Phosphoenolpyruvate (15) 2-Phosphoglycolate (1) 3-Deoxy-D-manno-octulosonate (1) Phosphonoacetaldehyde ( (1) alpha-D-Glucose 1,6-bisphosphate (1) Laminaribiose (1) 6-Acetyl-D-glucose (1) D-Sedoheptulose 7-phosphate (1) beta-Alanine (1) Tetrahydrofolate (1) 2-Oxobutanoate (1) PQQH2 (1) alpha-Aminopropiononitrile (1) gamma-Amino-gamma-cyanobutanoate (1) 2-Propyn-1-ol (1) gamma-Glutamyl-beta-aminopropiononitrile (1) 3-Butyn-1-ol (1) Choline (2) Chloride (2) 5-Phospho-alpha-D-ribose 1-diphosphate (1) Biotin (1) Dethiobiotin(1)
Prenol (1) Casbene (1) Pentalenene (1) Trichodiene (1) Aristolochene (1) (-)-endo-Fenchol (1) Sabinene hydrate (1) Neryl diphosphate (1) Prephytoene diphosphate (1) Presqualene diphosphate (1) di-trans,poly-cis-Undecaprenyl diphosphate (1) Myrcene (1) Terpinolene (1) Pinene (1) Pimaradiene (1) ent-Kaurene(1)
trans,trans,cis-Geranylgeranyl diphosphate (1) (+)-Sandaracopimaradiene (1) (-)-Abietadiene (1) Levopimaradiene (1) Neoabietadiene (1) Palustradiene (1) Aphidicol-16-ene (1) Aphidicol-15-ene (1) Cembrene (1) Taxa-4(5),1 1 (12)-diene (1) Vetispiradiene (1) Putrescine (1) 4-Aminobutanal (1) Homospermidine (1) (S)-3-Hydroxyisobutyrate (1) Reduced ferredoxin (1) Oxidized ferredoxin(1)
Acetamide (1) 3-Methyl-2-oxobutanoic acid(3)
Phenol (1) Nicotinamide (1) Nicotinate (1) Hexadecanoic acid (1) 4-Hydroxybenzoate(3)
Propanoate (1) Acetone (1) Phenyl acetate (1) Phenylacetaldehyde (2) Aspirin (1) 2,3-Dihydro-2,3-dihydroxybenzoate (1) 2-Hydroxyphenylacetate (1) Cyclic amide (1) Cobalt (1) Cyanide (1) Thymine (1) Benzoate (1) 2-Methylpropanamine (1) Cholesterol (2) Isoflurophate (1) Fluoride (1) Diisopropyl phosphate (1) hn (1) Deoxycytidine (1) Deoxyribonolactone (1) Thymidine (1) Nucleotide (1) Methylamine (1) Formamide (2) (5Z,8Z,11Z,14Z)-Icosatetraenoic acid (23) 4-Methyl-2-oxopentanoate (1) 10-Formyltetrahydrofolate(3)
Lactose (6) 1F-alpha-D-Galactosylraffinose (1) Melibiitol (1) Taurine (1) Butanoic acid (1) Pentadecanal (1) Aminophenol (1) Lumichrome (1) Benzaldehyde (2) N-Acetyl-beta-D-glucosaminylamine (1) Androst-4-ene-3,17-dione (1) Glutamate (1) L-Xylulose(2)
Formyl-CoA (1) Spermidine (1) 1,3-Diaminopropane (1) L-Carnitine (2) Sphingosine (1) 2-Oxoadipate (1) D-Galacturonate (3) 4-Aminobutanoate (1) Lipopolysaccharide (1) Ethanolamine phosphate(2)
Undecaprenyl phosphate (1) D-Glucosamine 6-phosphate(5)
Aminoacetone (1) alpha-D-Galactose 1-phosphate (1) Maltol (1) 4-Amino-5-hydroxymethyl-2-methylpyrimidine (1) 5-(2-Hydroxyethyl)-4-methylthiazole (1) Imidazole-4-acetaldehyde (1) Quercetin (1) 2-Protocatechoylphloroglucinolcarboxylate (1) Pyrimidine (1) Homoeriodictyol (1) 3-Methyl-2-oxopentanoate (1) Streptomycin (1) Cyclohexanone (1) (S)-Lactaldehyde (1) Hydroxymethylbilane (4) 4,5-Dioxopentanoate (1) 5-Aminopentanoate (1) L-Aspartate 4-semialdehyde (1) alpha-D-Ribose 1-phosphate(2)
Nicotinate D-ribonucleotide (1) N-Ribosylnicotinamide (1) Halide (1) Purine (1) Ethanol (1) Quinone (9) Retinol (2) Propanal (3) Pyrazole (1) Sinapate (1) Tyramine (2) Bilirubin (2) Carnitine(2) 2-Methylcholine (1) Thiocysteine (1) L-Cysteate (1) Naringenin (7) Propenoate (1) S-Benzoate coenzyme A (1) Hexadecanal (1) (R)-Pantoate (1) Cytochrome C(2) Apocytochrome c (1) Deoxyuridine (1) Pyridoxamine (1) Dimethylamine (1) L-Noradrenaline (1) 3,4-Dihydroxymandelaldehyde (1) Benzyl alcohol (1) Deoxyinosine (1) Mandelonitrile (1) Trimethylamine (1) Cyclohexylamine (1) Dimethyl sulfide (1) 2-Deoxy-D-glucose (1) 3-Hydroxybenzoate (1) Choline phosphate (1) Coniferyl alcohol(4)
Sulfoacetaldehyde (1) 3-Hydroxyanthranilate (5) 2-Aminophenol (4) 3-(2-Aminoethyl)-1H-indol-5-ol (2) 5-Hydroxykynurenamine (1) 5-Hydroxyindolepyruvate (1) 4-Methylene-L-glutamate (1) Acetylcholine (1) 2-Methylbutanal (1) 3alpha,7alpha,12alpha-Trihydroxy-5beta-cholanate(3)
Cl- (1) Pterin (1) 2,4-Dihydroxypteridine (1) Orcinol (1) Tropine (1) Siroheme (1) Sorbitol (1) Caldesmon (1) 5-Hydroxyindoleacetaldehyde (2) Ethylamine (1) Pentanoate (1) Salicylate (1) 4-Hydroxystyrene (1) 3,4-Dihydroxystyrene (1) Pantetheine (1) Sepiapterin (1) Xanthopterin-B2 (1) Sphinganine (1) Caffeate (1) L-Histidinol (1) Monoterpenol (1) 4-Nitrophenol (1) Coenzyme F420 (1) Crotonoyl-CoA (6) 3-Aminoisobutanoate (1) Deacetylcephalosporin C (1) 2-Amino-4-hydroxy-6-(D-erythro-1,2,3-trihydroxypropyl)-7,8-dihydropteridine (1) Sugar phosphate (1) Sugar (1) (R)-Lactaldehyde (1) Estradiol-17beta (1) Dihydrokaempferol (1) Renilla luciferin(1) Oxidized Renilla luciferin (1) beta-Aminopropion aldehyde (1) Myosin light chain (1) Caldesmon phosphate(1)
Sorbitol 6-phosphate (1) Zymosterol (2) Propene ( Bromide (1) HCl (1) HO- (1) Alanine (1) Cocaine (1) Retronecine (1) Ecgonine methyl ester (1) Toluene (1) Apigenin (1) cis-3,4-Leucopelargonidin (1) Kaempferol (1) Pelargonidin (1) 3-Cresol (1) Acrolein (1) Atropine (2) Ferulate (2) Indanone (1) Ricinine (1) 3-Carboxy-4-methoxy-N-methyl-2-pyridone (1) Selenide (1) Cetraxate (1) Galactose (1) Hexanoic acid (1) Benzonitrile (2) Puromycin (1) Vicianose (1) Vindoline (1) Piperideine (2) L-Dopachrome (6) Hemoglobin (3) Globin (1) Nebularine (1) Carbonyl sulfide (1) Vomilenine (1) 2-Butenoate (1) Desmosterol (1) Haloacetate (1) Heptadecane (1) Octadecanal (1) Orsellinate (2) Pentanamide (1) Secologanin (1) Stipitatate (1) 6-Aminopenicillanate(1) (R)-Vicianin (1) 2-Undecanone (1) 6-Hexanolide(3)
Biotin amide (1) Glycocholate (2) Pentan-2-one (1) Taurocyamine (2) Phenol sulfate (1) Monomethyl sulfate(1)
Raucaffricine (1) Stipitatonate (1) 2-Nitropropane (1) 4-Chlorophenol (1) alpha-Oxo-benzeneacetic acid(1) 2-Chloroethanol (1) Tetrachloroethene (5) Beta-1,2,3,4,5,6-hexachlorocyclohexane(3)
Chlorobenzene (1) 3'-Keto-3'-deoxy-AMP (1) N-Acetylpuromycin (1) Styrene (3) Acetophenone (2) 4-Chlorophenoxyacetate (1) 2,4,5-Trichlorophenoxyacetic acid(1) 2,4,5-Trichlorophenol (1) Benzoyl acetate (1) Vinblastine (2) 2-Formyl-1-indanone(1)
Cyanidin 3-O-glucoside (1) Cyanin(1)
Tubulosine (1) Nicotyrine (1) Cephaeline (1) Emetine (1) EPA (1) 2-(beta-D-Glucosyl)-sn-glycerol (1) 4'-Hydroxyacetophenone (1) Ecgonine ( have the highest in-degrees (63 and 57) and both are situated near the bottom of the graph.
Discussion
The analysis of the scopes of single compounds reveals a hierarchy of metabolites which orders them according to their synthesizing capacity. This hierarchy also implies an ordering according to the complexity of the structure of the compounds, placing more complex compounds at the top while leaving more simple building blocks at the bottom. The overall structure of the graph is strongly influenced by the chemical composition of the metabolites. Typically, complex compounds which are composed of several different subunits can be split up, implying that their scopes are generally large and are superscopes of the scopes of all their subunits.
In contrast complex compounds can generally not be formed from a single type of subunit. However, complex compounds may have small scopes if the necessary reactions are not present. This fact is responsible for the large number of sink nodes in the graph (74% of the connected nodes are sinks).
So far our calculations concern the scopes of a metabolic network consisting of all known biochemical reactions. The same methods can directly be applied to the networks of specific organisms allowing for elucidation of their synthesizing capacities.
